A new feature of glass-forming liquids, i.e., long-range density fluctuations of the order of 100 nm, has been extensively characterized by means of static light scattering, photon correlation spectroscopy and RayleighBrillouin spectroscopy in orthoterphenyl ͑OTP͒ and 1,1-di(4Ј-methoxy-5Јmethyl-phenyl͒-cyclohexane ͑BMMPC͒. These long-range density fluctuations result in the following unusual features observed in a light scattering experiment, which are not described by the existing theories: ͑i͒ strong q-dependent isotropic excess Rayleigh intensity, ͑ii͒ additional slow component in the polarized photon correlation function, and ͑iii͒ high Landau-Placzek ratio. These unusual features are equilibrium properties of the glass-forming liquids and depend only on temperature, provided that the sample has been equilibrated long enough. The temperaturedependent equilibration times were measured for BMMPC and are about 11 orders of magnitude longer than the ␣ process. It was found that the glass-forming liquid OTP may occur in two states: with and without long-range density fluctuations ͑''clusters''͒. We have characterized the two states by static and dynamic light scattering in the temperature range from T g to T g ϩ200 K. The relaxation times of the ␣ process as well as the parameters of the Brillouin line are identical in both OTP with and without clusters. The ␣ process ͑density fluctuations͒ in OTP was characterized by measuring either the polarized ͑VV͒ or depolarized ͑VH͒ correlation function, which are practically identical and q-independent. This feature, which is commonly observed in glass-forming liquids, is not fully explained by the existing theories.
I. INTRODUCTION
The question of whether the structure and dynamics in supercooled liquids are homogeneous or heterogeneous in space remains one of the most important unsolved problems in this field ͓1,2͔. A large number of experimental studies clearly reveal the existence of dynamical heterogeneities ͓3-10͔. In addition, early concepts for the explanation of the liquid to glass transition are based on the existence of cooperatively rearranging regions ͑CRR͒ ͓11,12͔ and estimates of a characteristic length scale yield values of 2-3 nm near T g ͓12,13͔. The same order of magnitude was found by spin diffusion NMR experiments ͓14͔. In molecular-dynamics simulations for Lennard-Jones liquids, it has been shown that spatial correlations between the displacements of molecules become increasingly long on approaching the mode-coupling temperature T c ͓15͔. Other simulations of monatomic liquids revealed that the number of icosahedral clusters increases with decreasing temperature ͓16͔.
The Rayleigh-Brillouin spectrum, i.e., the spectrum of density fluctuations for liquids whose molecules possess internal degrees of freedom that are weakly coupled to the translational degree of freedom of the fluid, has been calculated for simple liquids ͓17͔, relaxing liquids ͓18,19͔, and polymeric liquids ͓20͔. The experimental features of the Brillouin doublet as a function of temperature for simple and polymeric glass-forming liquids are in a good agreement with the theoretical predictions, apart from some controversy concerning the distribution and temperature dependence of the structural relaxation time ͓21-23͔.
The main discrepancy between theory and experiment for glass-forming liquids is the intensity of the central Rayleigh line and the value of the Landau-Placzek ratio, R LP , i.e., the ratio of the integral intensities of the Rayleigh line and the Brillouin doublet. Experimental data obtained for simple and polymeric glass-forming liquids show very high values of the R LP ͑higher than 10 and sometimes higher than 100͒ at low temperatures close to T g ͓24-27͔, while theories predict R LP not higher than about 1.5. The discrepancy between the theory and experiment concerning the intensity of the central Rayleigh line is additionally corroborated by the angular dependence of the intensity of scattered light. These measurements reveal a high excess isotropic component that is increasing with decreasing scattering angle. This indicates the existence of long-range density fluctuations. No excess intensity was observed in the depolarized ͑VH͒ Rayleigh component. The correlation length in orthoterphenyl ͑OTP͒ amounted to 400 nm at low temperatures and it persisted even above T m ͓28͔. This excess scattering, the high experimental values of the R LP , and an additional slow component ͑about seven orders of magnitude slower than the usual density fluctuations͒ in the density correlation function were found experimentally in other glass-forming liquids ͓26,28,29͔. They seem to be general features of glassforming liquids and represent serious discrepancies with the theoretical picture. These unusual features can be explained by ''dynamic clusters'' ͓24,30͔, i.e., long correlation length density fluctuations. The presence of the slow component in the PCS correlation functions leads to an apparent nonergodicity at temperatures close to T g ͓31͔. Recently, it was found ͓28,32͔ that besides the normally occurring OTP with clusters, also cluster-free OTP samples can be prepared by a special treatment. The cluster-free OTP behaves according to the theoretical predictions ͓17,18͔ and does not show the unusual features that were observed in OTP with clusters as well as other glass-forming liquids.
The question arises of whether these long-range density fluctuations are an equilibrium phenomenon, i.e., the angular dependent intensity always reaches the same value regardless of the individual thermal history of the sample. We were able to prove in this paper at least for one substance ͓1,1-di (4Ј-methoxy-5Јmethyl-phenyl͒-cyclohexane ͑BMMPC͔͒ that the final intensity after some ͑temperature-dependent͒ equilibration time is not dependent on thermal history. A similar result was obtained for poly͑methyl-p-tolyl-siloxane͒ PMpTS ͓29͔. For OTP, it is known that long-range density fluctuations appear again at room temperature, when they have been suppressed before by keeping the sample at high temperatures (T g ϩ150 K͒ ͓33͔ for several hours. The equilibrated samples have been analyzed by means of static light scattering ͑SLS͒ and photon correlation spectroscopy ͑PCS͒ to record the temperature-and angle-dependent intensity and correlation functions. The results of the PCS measurements can be connected with ideas of cooperative relaxation ͓34͔.
Recently, we have measured the structure factor of fragile glass-forming liquid, OTP, in a previously inaccessible q range (0.02Ϫ0.6 nm Ϫ1 ) between the conventional LS and SAXS q ranges using the ultralow angle x-ray scattering ͑USAXS͒ beamline at ESRF ͓35͔. At low q ͑overlapping with the LS q range͒, this structure factor exhibits an excess scattering consistent with the LS data. At high q ͑overlap-ping with the SAXS-Kratky camera q range͒ this structure factor decays to a plateau defined by the isothermal compressibility, in agreement with the previous SAXS studies ͓30͔. Thus, the long-range density fluctuation in glassforming liquids can be observed both in the isotropic component of scattered light and in the USAXS, provided the proper q range is covered. The power-law q dependence of the scattered intensity in the intermediate q range indicates that the excess scattering is not due to large bulky dense regions but to fractal aggregates of denser domains.
In this paper we will ͑i͒ study the equilibration times and equilibrium properties of long-range density fluctuations in BMMPC by means of SLS and PCS, and ͑ii͒ characterize the newly found cluster-free OTP and compare it with the usually studied OTP with clusters in terms of static Rayleigh light scattering, Rayleigh-Brillouin spectroscopic properties, and the characteristics of the primary (␣-͒ relaxation process in the time range of photon correlation spectroscopy. The main objective of this paper is to present the experimental evidence for long-range density fluctuations ͑as they are seen in a light scattering experiment͒ which result in the unusual experimental features described above.
To our knowledge, there are no quantitative theories that describe these long-range density fluctuations, although a qualitative model has been proposed ͓30,36͔ in which the long-range fluctuations are due to agglomeration of the cooperatively rearranging domains. The unusual experimental features described in detail in this paper for OTP and BMMPC have been observed in other low molecular weight and polymeric glass-forming liquids and are general features of this class of materials. Therefore, a complete theory of the glass transition should be able to describe the long-range density fluctuations and the unusual features resulting from them. Another description of the behavior of glass-forming liquids using two order parameters-density and bond order-has been proposed ͓37,38͔. This model predicts the existence of long-range density fluctuations with all the features observed in our study.
The primary (␣) process in glass-forming liquids in the theoretical description is discussed as being due to density fluctuations. Experimentally, however, it is often characterized by methods that are sensitive to the orientation of molecules, i.e., dynamic depolarized light scattering, dielectric relaxation, and NMR.
The density fluctuations can, in principle, be measured by means of photon correlation spectroscopy as a difference between the polarized ͑VV͒ and depolarized ͑VH͒ correlation functions: g iso ()ϭg VV ()Ϫ 4 3 g VH (). In practice, however ͑in the case of low molecular weight glass-forming liquids͒, these two correlation functions ͑and the correlation times obtained from them͒ are practically identical. This is the experimental justification to use the orientational relaxation times to characterize the density fluctuations, i.e., it is assumed that both processes have identical dynamics. This can be rationalized in the framework of the mode-coupling theory ͑MCT͒ ͓39͔, although the physical mechanisms of light scattering in these systems are complex ͓40,41͔.
II. MATERIALS AND METHODS

A. Sample preparation
Orthoterphenyl ͑OTP͒ was bought from MerckSchuchardt ͑99% pure͒, several times recrystallized from methanol solution, and distilled under vacuum into dust-free light scattering cells ͑round 10-20-mm outer diameter͒. The purified OTP showed a melting temperature T m of 328.5 K and a glass-transition temperature ͓measured by means of differential scanning calorimetry ͑DSC͒ at a cooling rate of 10 K/min͔ amounting to T g ϭ244.8 K, in good agreement with the literature data ͓42͔. The BMMPC samples were synthesized in our laboratory following the procedure given in Ref. ͓43͔ . The melting temperature of BMMPC amounted to T m ϭ346 K and the glass-transition temperature, measured by means of DSC at a cooling rate of 10 K/min, amounted to T g ϭ261 K. The samples were filtered three times at 353 K through a 0.22-mm Millipore filter into dust-free cylindrical cells made out of Pyrex tubes. Distillation of BMMPC into the light scattering cell was not possible due to decomposition of the sample beyond 370 K, which is below the boiling point under high vacuum.
OTP with and without clusters
Cluster-free OTP is defined as a sample with constant scattered intensity at all scattering angles. In order to obtain a cluster-free sample, OTP was vacuum-distilled into dustfree light scattering cells using only the middle fraction. It was absolutely necessary to avoid any crystallization of OTP in the cell by keeping all the distillation equipment and the cell at a temperature above T m during distillation. Even small traces of crystallization during the sample preparation resulted in OTP samples with clusters, even after annealing them after preparation for several hours above T m . OTP samples with clusters were obtained by crystallizing OTP in the light scattering cells ͑cooling in liquid nitrogen followed by crystallization at room temperature͒ and then melting them at 344 K and cooling to room temperature. Thus the same sample may be prepared in the state with or without clusters using this procedure. The temperature of 344 K was maintained for several hours to be sure to leave no trace of crystallization. Wide-angle x-ray scattering ͑WAXS͒ has been measured for OTP samples with clusters ͑Fig. 1͒ in the temperature range of 265-365 K. No trace of crystallization can be seen in these data. The WAXS curves exhibit characteristic features observed also for other supercooled liquids ͓44͔. OTP samples obtained in this way were characterized by means of measurements of the angular dependence of the scattered intensity. OTP with clusters showed increasing scattered intensities at decreasing scattering angles. From the angular dependence of the scattered intensity, the correlation length was calculated. Both samples, with and without clusters, showed no difference in their crystallization behavior. It was extremely difficult to achieve crystallization in the very pure samples because of the very low homogeneous nucleation rate ͓42͔. It was possible to crystallize the sample only by introducing heterogeneous nucleation sites ͑cracks͒ by rapidly cooling the sample in liquid nitrogen.
B. Experimental methods
The experimental setup used to measure the RayleighBrillouin spectra was described in detail elsewhere ͓32͔. A single-mode argon-ion laser ͑Spectra-Physics, Model 165͒ with a power of up to 400 mW at ϭ514 nm was used as the light source. The incident beam was polarized vertically by means of a Glan polarizer ͑Bernhard Halle, extinction coefficient better than 10 Ϫ6 ). The vertical or horizontal polarization of the scattered light was selected by means of a GlanThompson polarizer ͑Bernhard Halle, extinction coefficient better than 10 Ϫ7 ). A planar Fabry-Perot interferometer ͑FPI͒ was used ͑Burleigh, Model RC 10͒ of a free spectral range ͑FSR͒ of 27 GHz and a finesse better than 50. The position of the Rayleigh line was stabilized during accumulation ͑1800 sweeps, 1 s each͒ by means of a DAS-10 system ͑Bur-leigh͒. The spectra were accumulated in a multichannel analyzer ͑Silena, Varro 16K͒ and then transferred to an IBM AT computer. Each spectrum consisted of three orders of FSR. The first order was the instrumental function and the two subsequent orders consisted of the spectra of the scattered light ͑for a detailed description, see Ref. ͓32͔͒. The absolute scattered intensities were calculated using toluene as a standard. The Rayleigh ratio ͑isotropic͒ of 22.9ϫ10 Ϫ6 cm
Ϫ1
(ϭ488 nm͒ ͓45͔, corrected for the wavelength of 514.5 nm (18.5ϫ10 Ϫ6 cm Ϫ1 ), was used. The isotropic component of the Rayleigh-Brillouin spectrum was calculated using the relation I iso ()ϭI VV ()Ϫ4/3I VH () by a point by point subtraction of the polarized, I VV (), and depolarized, I VH (), Rayleigh-Brillouin spectra measured under identical experimental conditions. Two cell holders were used. ͑i͒ At temperatures from 293 to 433 K, the sample was placed in a metal block with holes for the incident and scattered light; the temperature was controlled by electric heaters with an accuracy of 0.1 K. ͑ii͒ In the temperature range from 233 to 293 K, another cell holder with vacuum insulation was used in order to prevent the condensation of water on the light scattering cell. The temperature of the sample was controlled by a thermostat with circulating liquid with an accuracy of 0.2 K. In the static light scattering experiment ͑SLS͒, it is important to measure the intensity of scattered light at as low q values as possible. Low q-values can be achieved by an increase of the wavelength of incident light 0 , and by decreasing the scattering angle . Therefore, in our studies we used a krypton-ion laser ͑Spectra-Physics, model 2020, 0 ϭ647 nm͒ and scattering angles from 7°to 150°. In this way we were able to cover the q range from 1.9ϫ10
Ϫ3 to 2.8ϫ10 Ϫ2 nm Ϫ1 . For the SLS measurements, a modified optical setup ͓46͔ ͑ALV-Langen, FRG͒ was used in which a new cell housing was installed. The cell housing was made of glass ceramics ͑macor͒ and contained a double glass cylindrical window. The space between the glass cylinders was evacuated in order to increase the thermal insulation of the interior of the cell. In this way, the external glass cylinder was kept at room temperature while the sample could be cooled down to 230 K without any problems due to water condensation or temperature gradients. The intensity of scattered light was measured using a photon-counting system. The absolute Rayleigh ratio was calculated using toluene as a standard, with R tol ϭ9.6ϫ10
Ϫ6 cm Ϫ1 at 0 ϭ647 nm. To get rid of the speckles due to the slow process ͓31,47͔, the sample was rotated by a home-made device at frequencies from 0.5 to 5.5 rpm. The photon correlation spectroscopy ͑PCS͒ measurements were performed using the same optical setup as for the SLS. The correlation functions were measured using a digital correlator ͑ALV-5000, Langen, FRG͒.
III. RESULTS AND DISCUSSION
A. Equilibration of BMMPC
Temperature jump experiments have been performed to measure the kinetics of the formation of long-range density fluctuations. The BMMPC sample was kept at 343 K until the intensity at a given angle did not change any more. This was always achieved within several hours at this temperature. Then the sample was cooled down to a certain temperature within 2 min and the intensity was measured at an angle ϭ40°(qϭ0.010 nm Ϫ1 ) as a function of time. In Fig. 2 , the polarized ͑VV͒ intensity is shown as a function of tempering time after a temperature jump from 343 K to 313 K. There is an exponential increase of intensity onto a saturation level according to the expression
with I ϱ (T) being the final ͑equilibrium͒ VV intensity, I ⌬ (T) the intensity change due to the temperature jump, t the tempering time, and equi the equilibration time. Always the same I ϱ (T) is reached regardless of from which temperature the temperature jump was started. After equilibration, the sample was heated again up to 343 K and the same procedure was repeated with another final temperature. The values obtained from the exponential fit for the different temperature jumps are listed in Table I .
In an Arrhenius plot of the equilibration times, the apparent activation energy is 123 Ϯ 16 kJ/mol. This unreasonably high value of the activation energy indicates that a VogelFulcher-Tamman ͑VFT͒ equation rather than the Arrhenius law should be used to describe this temperature dependence.
It cannot be decided whether the equilibration times behave according to an Arrhenius law or a Vogel-Fulcher-Tammann ͑VFT͒ law,
due to the limited temperature range of the measurements. From these temperature jump experiments one can conclude the following. ͑i͒ The long-range density fluctuations have an equilibrium state that is not dependent on the thermal history of the sample. ͑ii͒ The equilibration times increase drastically with decreasing temperature. ͑iii͒ The similarity of the equilibration times of the jumps back to 343 K show, that equi mainly depends on the final temperature and not on the starting temperature. Similar results were obtained for a polymeric glass-forming liquid ͓29͔. The equilibration process can also be described in the same way as the aggregation kinetics of a fractal cluster ͓48͔. This approach will be discussed in a forthcoming paper ͓49͔. The correlation length in OTP samples with clusters depends on temperature and their thermal history. By annealing a sample at high temperature above T m , one can substantially reduce the excess scattering, which is decaying strongly with the annealing time ͓28͔, and obtain an apparently cluster-free sample, Fig. 3 . The clusters will appear again in this sample upon cooling down, in contrast to the cluster-free samples, in which no clusters were observed even after very slow cooling ͑a few degrees per day͒ in the same temperature range.
B. Static light scattering
In order to characterize the long-range density fluctuations, the angular dependence of the isotropic Rayleigh component,
was measured. In the case of glass-forming liquids, it is generally observed that the isotropic Rayleigh component contains an additional strongly q-dependent component R iso 
For simple ͑nonrelaxing͒ liquids, the R iso Ј does not depend on the scattering angle. This angular independent isotropic component can be expressed in terms of the isothermal compressibility ␤ T of the liquid,
where 0 is the wavelength of light, n is the refractive index, is the density, and k B is the Boltzmann constant. The anisotropic ͑depolarized͒ component depends on the effective optical anisotropy ␥ of the molecules and it can be written as
where N is the number of scatterers. In fluids, the value of the effective anisotropy depends on orientational correlations of the molecules. The angular dependence of the excess isotropic intensity can be described by an Ornstein-Zernike ͑OZ͒ formula,
where OZ is the correlation length of density fluctuations, q is the scattering vector ͓qϭ͉q ជ ͉ϭ(4n/ 0 )sin(⌰/2)͔, n is the refractive index, 0 is the wavelength, and ⌰ is the scattering angle. To obtain Eq. ͑7͒, the density space correlation function was assumed to have the form g͑r ͒ϰ͑ 1/r ͒exp͑ Ϫr/ OZ ͒. ͑8͒
In a more general form, the density autocorrelation function can be described by introducing a fractal dimension D ͓51͔:
͑9͒
with its Fourier transform,
where ⌫(x) is the gamma function. The Ornstein-Zernike structure factor ͓Eq. ͑7͔͒ is a special case with Dϭ2 and the Debye correlation function ͓50,55͔ is obtained for Dϭ3. For the discussion of the experimental results ͑see Figs. 5 and 6 below͒, it may be useful to plot Eq. ͑10͒ in the form of the so-called Ornstein-Zernike plot: 1/S(q) versus q 2 for various values of D with a constant correlation length , see Fig. 4 . As one can notice, almost straight lines with different slopes are obtained, whereas for a constant Dϭ2 and various values of , a family of parallel lines would result. Therefore, it is obvious that from light scattering data alone no clear conclusions concerning the values of D and can be drawn. In order to obtain reliable data on D, the scattering experiment must cover a range qϾ/.
Static light scattering on equilibrated BMMPC samples
After equilibration of the samples according to the abovedescribed procedure, static measurements have been performed. The results are plotted in Fig. 5 . The isotropic part of the VV intensity was computed using Eq. ͑3͒. The VH intensity remains independent of q, whereas the isotropic intensity is increasing with decreasing temperature and decreasing scattering angle. This angular dependence is due to long-range density fluctuations indicating that the state with long-range density fluctuations is the equilibrium state of the supercooled liquid. Figure 6 shows the isotropic intensities in an Ornstein-Zernike plot corresponding to the plot of Fig. 4 . The inset shows the apparent temperature dependence of FIG. 4 . Ornstein-Zernike plots of 1/S(q) vs q 2 calculated using Eq. ͑10͒. The correlation length is kept constant, ϭ80 nm, and the fractal dimensions vary: Dϭ1.8 ͑upper curve͒, 2.0, 2.2, and 2.4 ͑lower curve͒. aϭ10 Ϫ3 .
FIG. 5. Static measurement of equilibrated BMMPC at the temperatures 343 K ͑ϩ͒, 333 K (᭺), 328 K (छ), 323 K (ٌ), 318 K (᭝), and 313 K (ᮀ). The isotropic intensity has been calculated using Eq. 3. Additionally, the intensity in VH geometry is plotted (᭹).
under the assumption of Dϭ2 ͓Ornstein-Zernike, Eq. ͑7͔͒. The fitting curves are not parallel, however, so one may conclude that the fractal dimension D is also a function of temperature in that sense, and that D increases with decreasing temperature. Due to the limited q range, the data do not allow us to distinguish between density autocorrelation functions with different D's. Nevertheless, the strong increase of with decreasing temperature, as shown in Fig. 6 is only slightly changed by variation of D, as a closer inspection of Eq. ͑10͒ reveals.
Static light scattering of OTP
Practically all glass-forming liquids exhibit long-range density fluctuations ͑clusters͒, which seem to be a quasiequilibrium property of the supercooled liquids. This property, and the unusual experimental features related to it, are not predicted by any theory. On the other hand, the experimental features of the cluster-free OTP, which seems to be a quenched state of the supercooled liquid, are in agreement with the theories. Therefore, it is interesting to compare the light scattering properties of these two forms of OTP. The angular dependence of the measured polarized VV and depolarized VH components for OTP samples with and without clusters is shown in Fig. 7 . As one can see, the cluster-free OTP behaves like a simple liquid ͑constant intensity͒, while for the OTP sample with clusters a strong angular-dependent excess scattering appears in the VV component. Since the depolarized components of scattered light are identical for both OTP with and without clusters, this excess scattering must be due to the isotropic contribution. Recently, we have shown ͓35͔ that the q range between light scattering and conventional small angle x-ray scattering ͑SAXS͒ can be covered by the ultrasmall-angle x-ray scattering ͑USAXS͒, which is now available at the European Synchrotron Radiation Facility at Grenoble. Figure 8 shows the combined structure factor obtained from the light scattering, USAXS, and SAXS data for OTP at 298 K. The fit of Eq. ͑10͒ reveals a fractal dimension of Dϭ2.24Ϯ0.05 and a correlation length of ϭ154Ϯ20 nm. In addition, an almost constant ''tail'' for qϾ0.2 nm Ϫ1 is observed that is due to the classical density fluctuations proportional to the isothermal compressibility ͓35͔. The excess scattering intensity caused by the long-range density fluctuations yields an extrapolated structure factor ln S(q→0)Х1.2, which is about three orders of magnitude larger than S(qϭ0) expected for a simple liquid on the basis of the compressibility relation ͓Eq. ͑5͔͒. 
C. The ultraslow mode
Another striking difference between OTP samples with and without clusters is the presence of an additional slow component in the polarized ͑VV͒ photon correlation function for OTP with clusters, which does not appear in the corresponding correlation function for cluster-free OTP. The depolarized ͑VH͒ correlation function does not contain this slow contribution. Such a slow process is not predicted by any theory of liquids. Both VV and VH correlation functions measured for OTP with clusters are shown in Fig. 9 . The characteristic features of this slow process are that ͓43͔ ͑i͒ it can be described by a single exponential correlation function, and ͑ii͒ the correlation time is q-dependent, i.e., 1/ϰq 2 for small q's. The features of the ultraslow mode of equilibrated samples are qualitatively the same as in nonequilibrated samples. Fitting the intensity correlation function of the slow mode according to the Kohlrausch-Williams-Watts formula,
yields a ␤ parameter around 0.98, i.e., the slow mode is practically single-exponential. As can be seen in Fig. 10 , the amplitudes ͓␣ in Eq. ͑11͔͒ and the correlation times are strongly q-dependent. Under the assumption that the mobility does not depend on frequency, the relaxation rate of the density fluctuations may be written as ͓53͔
which yields approximately with the Ornstein-Zernike Eq. ͑7͒
with C being a constant depending on temperature and annealing conditions. Accordingly, Fig. 11 shows a slightly curved dependence of 1/ versus q 2 , although the q range is too small for a precise determination of . It may be mentioned that small-angle dynamic light scattering measurements down to q 2 Х10 Ϫ6 nm Ϫ2 supported strongly Eq. ͑13͒ and yielded values, in good agreement with the static light scattering results ͓54͔.
Obviously, the heterogeneities causing the excess intensity ͓55͔ give rise to an apparent nonergodicity of the correlation function of the ␣ process as discussed in detail in Ref.
͓31͔, and the ultraslow process reestablishes the ergodicity at much longer times. The temperature dependence of the relaxation time of the ultraslow process was studied in three glass-forming liquids: OTP, Salol, and BMMPC. The samples were cooled down and measured in a time interval much shorter than the equilibration time of the clusters, so that the cluster size did not change during the experiment. In Fig. 12 , the temperature dependence of the relaxation time of the ultraslow process and the ␣-peak position measured by means of dielectric spectroscopy are shown for comparison. As one can see the relaxation time of the ultraslow mode is proportional to the relaxation time of the ␣ process in the entire temperature range studied. This means that the temperature dependence of the ultraslow mode can be described by a VFT formula with the same values of the parameters B and T ϱ as for the ␣ process ͑viscosity͒ but with a different 0 . Thus we can conclude that the temperature dependence of the ultraslow process in samples with constant cluster correlation length results from the changes of the primary (␣-͒ relaxation time and the corresponding changes of viscosity. All the results discussed above lead to the following physical picture of the long-range density fluctuations ͑clusters͒: The clusters are regions of higher density in a supercooled liquid. The ultraslow process, which has all the features of translational diffusion, can be assigned to a diffusion of the clusters due to diffusion of their boundaries. This diffusion of the cluster boundaries is due to a local growth and ''melting'' of the cluster on its surface without any mass transport involving the inner parts of the cluster and keeping the correlation length of the cluster constant at a constant temperature.
D. Rayleigh-Brillouin spectra
In order to compare the spectral features of OTP with and without clusters, the Rayleigh-Brillouin spectra were measured in the temperature range from 230 to 410 K for both samples. From the analysis of the isotropic RayleighBrillouin spectra, the Brillouin shift B , the Brillouin linewidth ⌫ B , and the intensities of the Brillouin and the central Rayleigh lines have been obtained. The comparison of the temperature dependence of the Brillouin shift B for OTP with and without clusters is shown in Fig. 13 . The values of B obtained for OTP with and without clusters are identical within the experimental error in the entire temperature range studied, indicating identical longitudinal sound velocities in both samples. Our experimental results are in good agreement with previously published data ͓24,57͔. The temperature dependence of the Brillouin linewidth ⌫ B for OTP with and without clusters is compared in Fig. 14 d is shorter by a factor of 6 than the relaxation time of the ␣ process ͓32͔. Such disagreement is usually observed in glassforming liquids and can be explained by new models of the Rayleigh-Brillouin spectra ͓62͔. The integrated intensity of the Brillouin doublet can be expressed in terms of the adiabatic compressibility ␤ S, B ͓52,63͔ measured at a frequency B :
The temperature dependence of this intensity for OTP with and without clusters is identical, as shown in Fig. 15 and in agreement with the value calculated from the Brillouin shift using Eq. ͑19͒. This indicates that the presence of clusters has no effect on the Brillouin spectrum, i.e., on the Brillouin shift, linewidth, and intensity.
E. Landau-Placzek ratio
The Landau-Placzek ratio, R LP , of OTP with and without clusters, obtained from the isotropic Rayleigh-Brillouin spectra, was measured at a scattering angle of 90°using the planar FPI of FSR ϭ 27 GHz and a finesse of about 50. The temperature dependence of the R LP ͑Fig. 16͒ is very different for OTP samples with and without clusters. For cluster-free OTP, the value of R LP remains low in the entire temperature range studied, in contrast to the OTP sample with clusters, where the R LP was increasing strongly with decreasing temperature, as reported previously ͓24,25͔. The R LP was theoretically calculated for relaxing liquids ͓18,19,63͔ and can be expressed in the form
where ␤ T,0 is the zero frequency isothermal compressibility, M Ј() is the real part of the longitudinal modulus of elasticity at a frequency p equal to the Brillouin shift, and ␥ 0 ϭC P /C V is the specific-heat ratio. We can write ͓19͔
where 0 is the average density, p /qϭv,v being the longitudinal sound velocity at the frequency p , and q is the scattering vector. The correction ␦ is usually very small and can be neglected ͓19͔. M 0 is the adiabatic bulk modulus
where v 0 is the low-frequency longitudinal sound velocity. Thus, one obtains approximately
Ϫ1. ͑18͒
The solid line in Fig. 16 , which represents a plot of Eq. ͑18͒ is in very good agreement with the experimental values of the R LP for the cluster-free OTP. The sound velocity was taken from the measured Brillouin shift ͑cf. Fig. 13͒ and v 0 from ultrasonic measurements ͓64͔. The temperature dependence of the R LP for cluster-free OTP above T g is consistent with theoretical predictions for relaxing liquids ͓18-20,63͔. Similar behavior of the R LP was observed previously for glycerol ͓63͔. Near the glass-transition temperature T g , a drop in the calculated curve occurs because the lowfrequency sound velocity v 0 makes a jump in the direction of the high-frequency value v ϱ of the glass. So the values of v( p ) and v 0 (glass) approach each other, leading to a lower value of the R LP . Such a decrease of the R LP below T g was observed for the cluster-free OTP sample. A similar decrease was also observed for poly͑methylmethacrylate͒ ͑PMMA͒ in our laboratory. In OTP samples with clusters, this effect is masked by the large excess intensity due to the long-range density fluctuations at low temperatures. These fluctuations are characterized by the long relaxation times of the ultraslow modes and are completely hidden in the central component I(Х0) of the Rayleigh-Brillouin spectrum. They behave like static inhomogeneities. As one can see in Fig.  16 , these contributions increase with falling temperature and there is no break or any discontinuity at the glass transition temperature. At higher temperatures, the measured R LP of the ''normal'' OTP approaches the value of the cluster-free sample and the theoretical value according to Eq. ͑18͒.
The values of the R LP for OTP with clusters were reproducible in a heating-cooling cycle at intermediate temperatures between 290 and 340 K. Heating of the sample at higher temperatures for several hours resulted in a substantial reduction of the amount of clusters, which was not reversible in the short time ͑a few hours͒ of the experiment. The absolute values of the R LP at temperatures below 293 K depend on the thermal history of the sample. The high values of the R LP for OTP with clusters correlate well with the static light scattering results, i.e., in every case when high R LP was obtained, the R iso (q ជ ) showed a strong excess scattering at low angles, indicating a high amount of clusters. Thus we can conclude that the high values of the R LP for OTP with clusters are due to the presence of long-range density fluctuations. As far as the R LP ratio is concerned, it is important to stress two points. ͑i͒ The value of the R LP measured at a given temperature is not an equilibrium value but corresponds to a transient state and depends very strongly on the thermal history of the sample. ͑ii͒ The high value of the R LP and its temperature dependence can be explained by the excess isotropic Rayleigh intensity. Due to very long equilibration times of clusters in OTP, this intensity is not changing much with temperature and does not follow the temperature dependence of the Brillouin intensity.
F. Isothermal and adiabatic compressibilities
In order to analyze the static light scattering data using any model, one has to know exactly the value of the angularindependent background that is subtracted from the angulardependent isotropic intensity. This background, which is due to density fluctuations is equal to the angular-independent isotropic intensity measured for cluster-free OTP. From this intensity the isothermal compressibility can be calculated using Eq. ͑5͒. The adiabatic compressibility can be calculated from the shift B of the Brillouin line using the formula
where 0 is the density, v the sound velocity, and q the scattering vector. Experimental values of the isothermal and adiabatic compressibility ␤ T and ␤ S of OTP obtained from our light scattering measurements at different temperatures are shown in Fig. 17 and compared with the isothermal compressibilities obtained from pressure-volume-temperature measurements ͓56͔ and small-angle x-ray scattering ͓30͔ experiments. The values of the compressibilities of OTP presented in this paper are comparable to those obtained previously ͓33͔ for annealed samples with clusters. The adiabatic compressibility ␤ S is approaching the isothermal compressibility ␤ T at high temperatures, leading to low LandauPlaczek ratios in agreement with our experiment, Fig. 16 . The values of the isothermal compressibilities obtained from the total intensity measured by means of the static light scattering ␤ T ͑SLS͒, integrated Rayleigh-Brillouin spectra ␤ T ͑RBS͒, small-angle x-ray scattering ␤ T ͑SAXS͒, and PVT ␤ T ͑PVT͒ are in reasonable agreement above T g .
G. Physical nature of clusters
In our previous paper ͓35͔, we have shown that the excess scattered intensity exhibits a power-law q dependence in a log-log plot of intensity versus q. In this case ͑OTP͒, the power-law extended over a substantial q range and could be easily identified, because the experimental data covered unusually broad q range of almost two decades due to a combination of the SLS and ultrasmall-angle x-ray scattering ͑USAXS͒ data. The USAXS experiment has been performed at the ESRF, Grenoble. In all other cases, the USAXS data are not available, so this kind of analysis has to be performed using SLS data covering a much narrower q range. In such a case, the power-law behavior can be observed only if the condition qϾ1 is fulfilled over most of the q range available, i.e., if the correlation length is sufficiently large. Such analysis based on the SLS data has been previously performed for aggregating silica colloids ͓65͔ where the powerlaw behavior and the fractal character of the aggregates have been observed. Figure 18 shows the log-log plot of the scattered isotropic intensity versus q for PMpTS at different temperatures. As one can see, a substantial part of the data fol- lows the power law. Additionally, the absolute value of the fractal exponent ͑slope͒ is increasing with decreasing temperature, indicating an increase of the density of the fractal clusters ͑see ͓66͔͒. We have shown previously ͓29͔ that the cluster size in PMpTS also increases with decreasing temperature. Thus, in PMpTS both the cluster size and density ͑fractal dimension͒ of the fractal clusters increase with decreasing temperature above T g . Similar behavior has been observed in our laboratory for other glass-forming liquids. Thus, we can conclude that the long-range spatial heterogeneities in glass-forming liquids can be observed as an excess isotropic scattering due to long-range density fluctuations. Those heterogeneities ͑clusters͒ can be modeled as fractal aggregates of more dense regions. With decreasing temperature ͑above T g ), both the correlation length and the fractal dimension of these fractal clusters increase. The temperature dependence of the volume fraction of the denser regions can be described by the heterophase fluctuation model ͓36͔.
IV. CONCLUSIONS
In a light scattering experiment, all glass-forming liquids exhibit strong discrepancies with the theories in terms of the Landau-Placzek ratio ͑too high͒, additional isotropic excess Rayleigh intensity, and an additional ultraslow component in the VV correlation function. These unusual features are due to the isotropic Rayleigh component, since the depolarized spectrum and the Brillouin lines behave as predicted by the theories. These features can be explained by spatial inhomogeneities or long-range density fluctuations ͑clusters͒, which are quasiequilibrium properties depending only on temperature, provided that the sample has been equilibrated long enough. The usually studied OTP with clusters was compared with a new cluster-free OTP obtained by a special treatment. The Rayleigh-Brillouin spectrum of the clusterfree OTP is as predicted by the theories, in contrast to the experimental data for all other glass-forming liquids. Thus the cluster-free OTP represents a nonequilibrium state of the supercooled liquid. The equilibration of the cluster-free OTP may not be possible for different reasons: ͑i͒ The energy difference between the equilibrium ͑with clusters͒ and nonequilibrium ͑cluster-free͒ forms of OTP may be low, ͑ii͒ long-range correlations are hindered, or ͑iii͒ in samples with clusters even above T m some short-range correlations are left, which lead to cluster formation upon cooling. These short-range correlations may not be present in a cluster-free sample. The equilibration time, measured for BMMPC, is 11 orders of magnitude longer than the relaxation time of the ␣ process, thus it is impossible to equilibrate the glass-forming liquids in terms of the long-range density fluctuations close to T g .
